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APPAl^TUS AND METHOD FOR MEASUREMENT OF SPECIFIC CHARACTERISTICS OF EYES 

The invention relates to an apparatus for measurement of specific 
characteristics of eyes. Such apparatus is known from US 5873831. 

In this known apparatus a laser light source is provided for directing 
monochromatic light into an eye. A light collecting system is provided for 
5 collecting light scattered by the eye, which is then directed to a spectrally 

highly selective system for separating different types of light. Analysing mesois 
are then provided for analysing the Ught received by said selective means for 
analyses of macular carotenoid pigment deposition. 

This known apparatus has the advantage that it can be used for 
10 accurate analysis of macular carotenoid pigment deposition. However, no 
further characteristics can be measured using the same apparatus. 
Furthermore, with such apparatus said light has to be directed into said eye 
steadily for a predetermined, relatively long time. Damage to an eye could 
occur when used improperly. 
15 An object of the present invention is to provide for an apparatus 

with which at least two characteristics of an eye can be measured. 

A further object of the present invention is to provide for such 
apparatus using a single light source. 

A still further object of the present invention is to provide for such apparatus 
20 which enables assessment of at least two of the following three characteristics 
substantially simtiltaneously: 

spatial distribution of the fundus reflectance in a pupil plane of an 

eye; 

the part of the retina used for fixation; and 
25 - the spectral fundus reflectance along a line in the pupil plane. 
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The present invention further has the object to provide for a method 
for measurements of specific characteristics of eyes, with which method 
substantially instantaneously measurement and analyses of at least two 
characteristics of an eye can be obtained. 
5 These and other objects of the invention are met by providing an 

apparatus having a light sotirce which provides light of different wave lengths, 
especially white light, which is directed into an eye and whereby analysing 
means are provided for analysis of Hght reflected by said eye. At least 
spectrographic means are provided for analysing the spectral pattern and/or 

10 distribution of the light reflected, wherein analysing means are provided for 
assessment of fundus reflection in the pupfl plane and/or spectral fundus 
reflectance along a line in the pupil plane and/or measurement of the part of 
the retina used for fixation. 

Preferably substantially white light is transmitted fi:om a light 

15 source, from which light red light can be filtered out, whereas the heat of the 
light can be substantially absorbed. Surprisingly it has been found that hght 
having longer wavelengths may normally be disregarded. Filtering will result 
in less heating. The remaining light is transferred through a hole in a mirror, 
from the back side thereof, into an eye, approximately through the centre of 

20 the lens system of said eye, accurately focussed by lenses and/or diaphragms. 
This light is reflected by at least the retina and transmitted back through said 
lens system, onto the reflecting surface of said mirror, around said hole. Said 
mirror is preferably angled relative to the direction of the light transferred 
into said eye, such that it can be transferred to said analysis means. This 

25 enables good separation of the going light going into the eye and the less 

intensive light reflected, which is to be analysed. Interference is substantially 
obviated. 

In a preferred embodiment of the present invention light reflected is 
directed at will either to a video image system or to a spectrograph, for 
30 example by means of an optical switch comprising a movable mirror. Lenses or 
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polarisation means such as filters can be provided for varying a plane of 
detection and/or imaging, especially between the optical switch and the video 
image system. 

Computer means comprising analysing software can be provided for 
5 processing digital images of the reflected light, which images can be obtained 
by for example a CCD-camera, a digital video system or the like. By digitising 
the images obtained, such as light reflection images and spectrographs 
accurate analyses can be obtained almost instantaneously by said computer 
means. 

10 Various advantageous embodiments of an apparatus and method 

according to the present invention are presented in the appending claims. By 
way of example an advantageous embodiment will be described, with reference 
to the drawings. These show: 

fig. 1 schematically an apparatus according to the present invention; 
15 fig. 2 schematically a light source of an apparatus according to fig. 1; 

fig. 3 schematically a ophthalmic mirror system of an apparatus 
accordin g to fig. 1; 

fig. 4 schematically an optical switch of an apparatus according to 

fig. 1; 

20 fig. 5 schematically a video observation system of an apparatus 

according to fig. 1; 

fig. 6 schematically a spectrograph and detector of an apparatus 
according to fig. 1; 

fig. 7 an experimental set-up combining apparatus of fig. 2-6; 
25 fig. 8 an example of a two dimensional dataset; 

fig. 9 a diagram showing the relation between reflectance and 
position in the pupil plane at different wavelengths; 

fig. 10 a diagram showing percentage reflectance versus wavelength; 
fig. 11 schematically the layout of the experimental apparatus, 
30 similar to fig. 1 and the pupil plane and retinal plane configuration; and 
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fig. 12-15 test results obtained with the apparatus according to fig. 

11. 

In the drawing the same or corresponding parts have identical or 
similar reference signs. 
5 Fig. 1 shows schematically an apparatus according to the present 

invention. The different components will in further detail be described with 
reference to fig. 2-6. 

An apparatus 1 according to the present invention, for analysis of 
characteristics of an eye, comprises a hght source 2, an ophthalmic mirror 

10 system 3, an optical switch 4, a video observation unit 5, a detector 6 with a 
spectrograph 7 connected thereto and a computer 8 comprising appropriate 
software and a monitor. The light source 2 designed such that it emits light of 
different, multiple wave lengths, especially substantially white Ught. The light 
emitted from the light source 2 is focused and passed through said ophthalmic 

15 mirror system 3, into an eye 9. The beam 10 of light is emitted into 
substantially the centre of the lens system of the eye 9, as indicated 
schematically in fig. lA, such that it passes substantially straight through a 
central part 11 of the pupil. Said light is then reflected by inter alia said 
retina, partly out of said eye 9 through the part 12 of the lens system of the 

20 eye surrounding said central part 11. The light reflected, indicated by 

numerous arrows 13, has a substantially lower intensity then the beam 10 and 
is somewhat scattered due to the reflection and the reflecting surfaces such as 
the retina and other surfaces inside the eye. Also contamiaation of the lens 
system can influence scattering. 

25 The reflected hght 13 is deflected by the ophthalmic mirror system 3 

towards the light switch 4. In this Ught switch the reflected Ught is either 
deflected to the video observation unit 5 or to the detector 6 and connected 
spectrograph 7, for analysing the spatial distribution of the fundus reflection, 
preferably in the pupil plan, preferably simultaneously, assessment of the part 

30 of the retina used for fixation and spectral fundus reflectance along a line in 
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the pupil plane respectively. The video images and spectrographic images, 
which are preferably digitised, are fed into the computer unit 8 for processing 
and viewing said images and the analysing results on the screen. 

At least the light source 2, the optical switch, the video observation 
5 system 5 and the detector and spectrograph 6, 7 are controlled by the computer 
tmit, which is also used for absloute spectrographic calibration of the 
apparatus, which is necessary for accurate analysis of the images and 
spectrographic plots obtained. 

Fig. 2 schematically shows a hght source 2, from which a controlled 

10 beam 10 of light is produced. The actual source of light 14 is the rectangular 
shaped coil of a 30 W halogen lamp. The top lens system 15 consists of two 
lenses 16. They image the coil on a diaphragm (not shown), which is optically 
conjugate with the pupil plane of the investigated eye 9. The diaphragm 
determines the size of the entrance in the lens system of the eye 9, Between 

15 the two relay lenses a set of filters absorbing heat and red light can be placed 
(not shown) for filtering out substantially all red light and/or heat in said 
beam 10. 

The bottom lens system 17 again consists of a pair of lenses 18. They 
are drawn as a single lens. In reality, they are preferably spaced a few cm 

20 apart. A plane optically conjugate with the retinal plane of the investigated 
eye 9 is available in between these two lenses. In this plane a diaphragm (not 
shown) is placed to control the size of the illuminated region on the retina. The 
light is focused towards the ophthalmic mirror system 3, as shown in fig. 3 by 
converting lines lOA, crossing in point F. 

25 Fig. 3 shows schematically the ophthalmic mirror system 3 which 

allows separating the dim light 13 reflected by the eye 9 from the intense 
beam 10 entering it. The key element is a mirror 19 with a central hole 20 
placed optically conjugate with the pupil plane. An image of the coil (beam 10) 
is focused in the centre of the hole 20 by the light source 2. This image is 

30 relayed with a single, aspheric ophthalmic lens 21 to the pupil plane. Because 
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the rays (schematically shown as lines lOB) are focused substantially within 
the centre 11 of the eye's lens-system 9A, the rays lOB will continue in their 
original direction towards the retina. This way, a relatively small spot is 
illuminated on the retina. C 
5 Light 13 reflected from the retina can be considers as a new, small 

source of Ught. When the eye 9 is unaccommodated, the lens system 9A of the 
eye 9 will image the retina in a plane placed at infinity. For light 10 entering 
the eye 9, only a small part 11 of the eye's pupil was used. The remaining part 
12 of the pupil can be used to collect light 13 reflected from the retina. A plane 

10 optically conjugate to the retina (not specifically shown) is located in between 
the ophthalmic lens 21 and the mirror 19 with central hole 20, one focal length 
behind the ophthalmic lens 21. Both this retinal plane and the largest part of 
the pupil plane are available via the mirror 19. 

The optic switch 4 as schematically shown in fig. 4 comprises three 

15 lenses 22, 23 and 24 respectively, and a moveable mirror 25. The mirror 25 is 
pivotally connected to an axis 26 and is movable between a position "in place" 
as shown in fig. 4, enclosing an angle of approximately 45 degrees with the 
main direction of the fight 13 (which is in the drawing substantially 
perpendicular to the centre of lens 22) and a pivoted position out of reach of 

20 said light 13. With the mirror 25 "in place", the fight 13 is reflected 'upwards* 
and the right 22 and top lens 23 act as a relay pair (upward, right and left as 
seen in fi g. 4; these can normally be in any desired position). In this case, the 
fight 13 is directed towards a video observation channel of the video 
observation unit 5, as shown in fig. 5. The mirror 25 can be removed from the 

25 beam 13 fast, which makes the fight available for the detector 6 and 

spectrograph 7. In this mode the right 22 and left lens 24 act as a relay pair. 

Fig. 5 schematically shows Video observation xinit 5. The bottom 
lens 23 in Figure 5 corresponds to the top lens 23 in Figure 4. The bottom lens 
23 relays both the pupil and retinal plane (only two pupil plane rays are 

30 drawn). Both planes are available for imaging on the video camera (V). The top 
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lens system 27 contains an insertable lens 28 (not shown specifically). By 
removing or inserting this lens 28, the imaged plane is selected. Video images 
obtained can be displayed on a monitor 29. 

Fig. 6 schematically shows a detector 6 and spectrograph 7. The 
5 right lens 24 in Figure 6 corresponds to the left lens 24 in Figure 4. This lens 
24 images the pupil plane at infinity. A plane optically conjugate to the retina 
(not specifically shown) is located between this lens 24 and the lens 30 nearest 
to it at the left, as seen in fig. 6. In this plane a diaphragm is used to Hmit the 
observed region of the retina to just within the illuminated region (fig. lA). 

10 The second lens 30 focuses the light on the entrance sUt 31 of an imaging 

spectrograph 7. This sHt 31 is in a plane optically conjugate to the pupil plane. 
The first lens 33 of the spectrograph 7 txirns the beam 13D parallel again. The 
beam 13E traverses a direct vision prism which spectrally decomposes the 
beam 13E. The light reflected fi:om the eye is divided in light of different 

15 wavelengths by said prism, for further analysis. The further lens 34 images 
the spectrum on a cooled CCD camera 35. The CCD 35 is controlled an read 
with the computer unit 8. 

An Example of an apparatus and method according to the invention 
is discussed below, with reference to fig. 7-10. 

20 A schematic representation of the set up as seen firom above is depicted 

in Fig. 7. Retinal and pupil planes are indicated with R and P, conjugate 
planes with R' and P*. At the top right, the optical path starts with a lamp 14. 
The lenses L1...L4 and the ophthalmic fi-ont-lens Lf define the entrance beam, 
which illuminates a small spot on the retina. Light reflected fi'om the eye is 

25 captured by Lf. Separation of the reflected light from the entrance beam is 
achieved with an ophthalmic mirror Mh 19. The reflected light is either 
available for observation with a video camera V, or for analysis with an 
imaging spectrograph. The mode used depends on the position of an insertable 
mirror Mi 25. The spectrograph image is captured with a cooled integrating 

30 CCD camera. Below a more detailed description is given. 
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The entrance beam is a Maxwellian view system, used for controlled 
illumination of a small spot on the retina. The light source is a 30 W halogen 
lamp. An image of the coil of the lamp is relayed in the pupil plane with lens 
systems LI and L2, L3 and L4, and the ophthalmic front lens Lf. An aperture 
5 placed conjugate to the pupil plane in plane P' after L2 controls the size of the 
entrance beam in the pupil plane to 1 x 1.5 mm. A cross-wire for fixation is 
placed in plane R' close to the lamp. In between LI and L2 the beam is 
substantially parallel. At this location spectral filters (Fi) are placed, with the 
purpose to increase the ratio of blue over red light. Eye reflectance is far lower 

10 in the blue wavelength region than in the red. In between L3 and L4 the beam 
is also parallel. A retinal conjugate plane R* is available here, where an 
apertuire controls the angle of the illuminated field on the retina. A 3 degrees 
field is used for measurements. For alignment, the field angle can be increased 
to for example 10 degrees. 

15 Light reflected firom the eye is very dim compared to the bright entrance 

beam. Separating both beams is achieved with an ophthalmic mirror Mh 19. 
The entrance beam passes through the central hole 20 of the mirror. Light 
reflected fi:om the eye is captured by the remaining part of the mirror. This 
configuration allows observation of most of the pupil. When the entrance beam 

20 is correctly focussed in the pupil plane, reflections at the first surface of the 
eye (cornea reflections) largely fall in the central hole of mirror. Lens Lf is 
placed slightly out of center and is slightly tilted, to redirect reflections at the 
front and back glass-air interfaces out of the center of the beam. Remaining 
stray-light is accoimted for in the dark calibration. For an emmetropic eye, the 

25 retina is imaged at infinity by the eye's lens. Lens Lf images the retinal plane 
in its focal plane, in between Lf and Mh. Mh is conjugate with the pupil plane. 
Both planes are relayed to either a video observation channel (up-wards), or an 
imaging spectrograph (left-wards), depending on the position of the insertable 
mirror Mi 25. 
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For alignment of the subject a video observation channel is available. 
When the mirror Mi is flipped in, lenses L5 and LIO act together as a relay 
pair. Both retinal and pupil plane are relayed to between lens LIO and Lll. An 
insertable lens li controls which plane is focussed on the video camera chip V. 
5 Imaging the retinal plane allows observing whether the subject fixates 
correctly on the entrance beam. Imaging of the pupil enables observing the 
location of the entrance beam within the pupil, and is also used to achieve a 
good focus of the entrance beam in the pupil plane. 

When the mirror Mi is removed fi:om the beam, light is available for the 
10 imaging spectrograph. Lenses L5 and L6 combined image the pupil plane at 
infinity. In between L6 and L7 a retinal plane R* is available, where an 
aperture controls the size of the sampled region on the retina to approximately 
2 degrees. An adjustable sht is placed in the focal plane of lens L7. The slit 
defines a horizontal, bar shaped exit pupil, which measures 1 x 12 mm in the 
15 pupil plane of the eye. The slit is in the focal plane of lens L8, which images it 
at infinity. The Hght traverses a direct vision dispersion prism (Prism, Linos, 
Part No. 33 1120). The spectral image is focussed on the chip of a cooled CCD 
camera (CCD, SBIG, ST-237). The camera is read out in 3x3 binning mode. 
The spectral image contains 213 points in spectral direction and about 85 
20 points in spatial direction. 

It will be clear that the example given above is merely shown for a 
better understanding of the invention and shoidd in no way be considered as 
limiting the scope of the invention. 

Fig. 8-10 show data obtained with an apparatus and a method 
25 according to the present invention. 

Fig. 8 shows an example of a two-dimensional data-set: percentage 
reflectance versus wavelength and position in the pupil plane. The data was 
binned to 5 nm bandwidth in the spectral direction. The common spectral 
shape of fundus reflectance is recognizable at the borders of the spectrvun. As a 
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guide to the eye , a single spatial profile at 525 nm is indicated with the fat 
line. 

Fig. 9 shows reflectance versus position in the pupil plane at four 
different wavelengths. The data is subset of the data shown in fig. 8. The 
5 spatial, intersections were taken near a number of common laser wavelengths. 
Data was binned to 5 nm bandwidth before the profiles were obtained. The 
solid lines are fits of a Gaussian curve of the data. 

Fig. 10 shows a percentage reflectance versus wavelength. The data 
is a subset of the data shown in figure 8. The spectral intersection was taken 
10 where the spatial intersections show a maximimi. The soUd Hne is a model fit 
to the data. 

An apparatus according to the present invention can be used for 
example for measurement of both the spatial distribution of the fundus 
reflectance in the pupil plane and the spectral distribution of the reflectance 

15 along a line in the pupil plane. In addition the part of the retina used for 

fixation should preferably be monitored, to avoid problems because of possible 
peripheral fixation. The measurements can be made fast and easy resulting in 
high performance and low cost of the apparatus. The Foveal Reflection 
Ophthalmoscope according to the present invention will allow study a 

20 substantial nimiber of patients in diseases such as age-related macular 

degeneration and glaucoma, which both ask for a better understanding of their 
pathogenesis. Since with the Foveal Reflection Ophthalmoscope diflferent 
parameters can be measiured simviltaneously (Stiles-Crawford parameters, 
pigment densities), it will be suited to further knowledge of the pathogeneses. 

25 An apparatus 1 according to the present invention is especially 

suitable for screening device for photoreceptor densitometry and as a tool for 
detection of mactdar and melanin pigment density. Age-related macxilar 
degeneration (AMD) is the most common cause of blindness in the Western 
world. Macular- and melanin pigment possibly protect against AMD. It is 
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therefore of great importance to have a simple device that can measure these 
pigments, both for screening and follow-up in case of dietary supplementation. 

Furthermore an apparatus according to the present invention is 
especially but not exclusively suitable as a screening device for densitometry. 
5 The presently known technique of densitometry is time consuming and can 
only be applied at a very limited number of laboratories in the world. 
Therefore, it is of great importance to have a simple screening device, that 
provides similar information, which is provided for by the present invention. 

In further elucidation of the present invention an experimental 
10 apparatus is described, together with test results obtained therewith, in the 
description hereafter. 

The apparatus was basically set up as follows: 

A. Overview 

15 

A schematic representation of the experimental set up is depicted in 
Fig. IIA. Retinal and pupil planes are indicated with R and P, conjugate 
planes with R' and F. In some cases, adjacent elements or planes are drawn as 
a single line. At the top right, the entrance beam emerges from a lamp, and 

20 passes the lenses LI through L4 and the ophthalmic front-lens Lf, The 
entrance beam defines a small entrance pupil in pupil plane P, and 
illuminates a small spot in the retinal plane R. Light reflected from the eye is 
captured by lens Lf. Separation of the reflected light from the entrance beam is 
achieved with an ophthalmic mirror Mh. The reflected light is either available 

25 for observation with a video camera V, or for analysis with an imaging 

spectrograph. The mode used depends on the position of an insertable mirror 
Mi. The spectrograph image is captured with a cooled integrating CCD 
camera. 



wo 02/087427 



PCT/NL02/00290 



12 

The retinal and pupil plane configuration is depicted in Fig. IIB. In the 
retinal plane, the illuminated field measures 2.8 degrees. The sampled field is 
concentric, and measures 1.9 degrees. This overlap assures a complete 
illumination of the sampled field, despite small errors in focus and aberrations 
5 in the optics of the eye. The cross-wire is centered on the illuminated field. In 
the pupil plane, the entrance pupil is placed centered with, and below the bar 
shaped exit pupil. Their separation is 0.7 mm. The bar is defined by the slit of 
the spectrograph. To avoid confusion: the terms entrance and exit are defined 
with respect to the eye, not the spectrograph. 

10 B. Entrance Beam 

The entrance beam forms a MaxweUian view system, used for controlled 
illumination of a smaU spot on the retina. An image of the coil of the 30 W 
halogen lamp is relayed to the pupil plane with achromatic pairs LI, L2 and 

15 L3, L4, and the ophthalmic fi'ont-lens Lf (20 D, Nikon), The front-lens can be 
moved in the direction of the beam (z-direction) to focus on the retina. Eye 
reflectance is far lower in the blue wavelength region than in the red. In the 
parallel beam between LI and L2, glass filters F are placed (FG3 and BG38, 
3 mm both, Schott), with the purpose of increasing the ratio of blue over red 

20 light, and to block most of the infi-ared light. The intensity of the hght entering 
the eye is 1.10 x 10^ Td. An aperture in plane F after L2 controls the size of 
the entrance beam in the pupil plane to 0.8 x 1.2 mm (with the front-lens 
focussed at infinity), A cross-wire for fixation is placed in plane R' close to the 
lamp. Between L3 and L4 the beam is again parallel. Another retinal 

25 conjugate plane R* is available here, where an aperture controls the visual 
angle of the illuminated field on the retina. A 2.8 degrees field is used for 
measmrements. For ahgnment, the field angle is increased to 16 degrees. An 
additional green filter (VG9, Spindler & Hoyer) is then inserted, to increase 
contrast of the view. The intensity of the alignment beam is 3.35 x 10^ Td. 
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C. Capturing Light Refiected from the Eye 

Light reflected from the eye is captured by lens Lf. The retinal plane is imaged 
in the focal plane of Lf, the pupil plane in the plane of Mh. Light reflected from 
5 the eye is very dim compared to the bright entrance beam. To avoid reflections 
from the cornea, the entrance and exit light are separated with an ophthalmic 
mirror Mh conjugate to the pupil plane. When the entrance beam, which 
passes through the central hole of Mh, is correctly focussed in the pupil plane, 
reflections from the cornea largely disappear in the same hole. Light reflected 

10 from the eye is captured by the remaining part of the mirror. This 

configuration allows observation of the entire pupil, except for the part covered 
by the hole. Lens Lf is placed shghtly out of center and is slightly tilted, to 
redirect reflections at the front and back glass-air interfaces out of the center 
of the beam. This way, the reflections are blocked by the retinal aperture at R' 

15 in the spectrograph, and by a small mask on a glass plate in front of LlO in the 
observation beam. 

D. Video Observation of the Retina or Pupil 

For alignment of the subject a video observation channel is available. When 
20 the mirror Mi is inserted, lenses L5 and LlO act together as a relay pair. Both 
retinal and pupil plane are relayed to between lens LlO and Lll. Lens Li, 
moved in or out of the beam with a magnetic solenoid, controls which plane is 
focussed on the video camera chip V (VCB-3512P, Sanyo). Imaging the retina 
allows focussing of the cross-wire, and observing whether the subject fixates 
25 correctly . Imaging of the pupil enables observing the location of the entrance 
beam within the pupil, and is also used to achieve an optimal focus of the 
entrance beam in the pupil plane. 

£. Imaging Spectrograph 
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When the mirror Mi is removed from the beam, light is available for the 
imaging spectrograph. Lenses L5 and L6 combined, image the pupil plane at 
infinity. In between L6 and L7 a retinal plane R' is available, where an 
aperture controls the size of the sampled region on the retina to 1.9 degrees. A 
5 slit, 0.90 mm wide, is placed in the focal plane of lens L7, conjugate to the 
pupil plane. The slit defines a horizontal bar shaped exit pupil, which 
measures 0.8 x 12 mm in the pupil plane of the eye (with the front-lens 
focussed at infinity). The sUt is in the focal plane of lens L8, which images it at 
infinity. The light traverses a direct vision dispersion prism (Prism, Spindler & 
10 Hoyer, Part No. 331120). The spectral image is focussed on the chip of a cooled 
CCD camera (CCD, ST-237, SBIG). The camera is read out in 3 x 3 binning 
mode. The spectral image contains 213 points in spectral direction and 85 
points in spatial direction. 

15 The following methods were used. 
A. Calibration Frames 

Reflectance was routinely calibrated with a surface painted with Eastman 
6080 white mounted at the end of a black, anodized tube.^ This painted surface 

20 was calibrated against a freshly pressed BaS04 surface, which we considered 
the gold standard. The white reference was placed at 445 mm behind the pupil 
plane and illuminated with the measuring Ught. Front-lens focus was adjusted 
to place the reference in a retinal conjugate plane. White reference frames 
calibrate the spectral output of the lamp, transmission of the optics, sensitivity 

25 of the CCD camera, as well as sensitivity variations among CCD camera 

pixels. To account for stray light in the apparatus and dark current in the CCD 
camera, reference frames of a dark cloth held at about one meter behind the 
pupil plane were taken. The integration time of the dark frames matched the 
integration time of the measured spectrum and the white reference frame. 



wo 02/087427 PCT/NL02/00290 

15 

White and dark reference frames were obtained prior to each session. In case a 
refractive correction was required during the session, additional dark frames 
for the new position of the front-lens were obtained at the end of the session. 

8. Calculation of Reflectance 

5 

Each 3x3 biimed pixel on the CCD is a detective element, measuring counts 
at a certain wavelength X within range AX, and at a certain pixel position x in 
the spatial direction. In this section, an expression for calculating reflectance 
R{X, x) from the nxmiber of counts in the measurement Cm(A,, jc), the white 

10 reference Cw(A,, x), and matching dark references Cmd(A,, x) and Cwd(A., x) is 
derived. R(X, x) is an equivalent reflectance: all sources contributing to the 
reflected light are considered as if they were diffuse reflectors.2.i3,i5 Let Ph{X) 
be the number of photons per second in the entrance beam, at wavelength X 
within range AX, either entering the eye or falling on the white-reference 

15 surface. Part of the photons will be reflected and back scattered, forming a 
source of photons in the retinal plane. The number of counts in a pixel is 
proportional to the photon flux through its detection area and the integration 
time. The flux through the area Ap spanned by the detective element in the 
pupil plane at distance d from the retinal plane, is proportional to Ap I d^. In 

20 the measurement situation, the niunber of detected counts is given by: 

CuiX, x) = R(X, x) y Ph{X) ImAuS (X, x) I (27ideye2) + Cm>{X, x), (1) 

with 1u the integration time of the measurement, Au the detection area in the 
pupil plane, and deye the axial length of the eye. The constant y is the ratio of 
the sampled and illximinated area in the retinal plane. S x) is a sensitivity 
25 factor containing transmission of the optics, quantum efficiency and gain of the 
CCD pixels. The factor 2% accounts for light being reflected into half a sphere. 
In case of the BaS04 white reference surface, 99 % of Ught in the range 
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400-800 nm is reflected perfectly diffuse or isotropic into a half sphere.^o A 
relation similar to Eq. (1) holds for the white reference images: 

Cw(A., x) = 0.99 y Ph{X) twAy/S {\ x) I (27idre^) + Cwd(^, x\ (2) 

5 with iw the integration time, Aw the detection area in the pupil plane, and dref 
the distance between the white reference and the pupil plane. Combining Eq. 
(1) and (2), the percentage equivalent reflectance is given by: 

R{%, X) = 0,99 {tw I tM) {deye I dred^ (Aw / Am) X 

{[Cm(X, x) - Cdm(X, x)] I [Cwa, x) - Cdw(A,, x)]}. (3) 

10 

The factor Aw / Am, which accounts for changes in scale of the pupil plane with 
the front-lens position, is calculated from pixel scale Spix as (iSpix,w / Spix,m)^ 
(for calibration of iSpix, see Section 3C). The axial length of the eye deye is 
calcidated from the front-lens focal adjustment. It is assimied that the cornea 
15 and eye-lens can be treated as a single flat lens with focal distance 22.29 

mm,30 and that all ametropia can be attributed to variation in axial length of 
the eye. 

An estimation of the error in the reflectance value starts with calculation of 
20 the error in the raw pixel data: 

a = [RN2 + (iV-B)/3]i'2 (4) 

with RN the read-noise of the camera in counts, iVthe number of coimts read 
from the pixel, and B the bias level of the camera in counts. Typical values are 
RN = 12, iVin the range 150 to 5000, and JB = 100. The factor 3 accounts for 
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3x3 on-chip binning. Using the appropriate error propagation mathematics 
and Eq. (3), an error is attributed to the reflectance. 

C. Spectral and Spatial Calibration 

5 For spectral cahbration of the spectrograph, images of a mercury lamp 

illuminating the wall opposing the set-up were obtained. Pixel positions of 7 
Hues were determined (wavelengths in air: 435.8, 491.6, 546.1, (577.0 + 579.1) 
/ 2, 623.4, 690.8, and 772.9 nm).3i The wavelength range covered by the 
spectrograph was 420-790 nm. Dispersion strongly depended on wavelength. 

10 At 420 nm the spectral range covered by one 3x3 binned pixel was about 
0.4 nm; at 760 nm it was about 6 nm. For cahbration of pixel scale Spdc, a 
transparent film containing periodic vertical dark bars was placed in the pupil 
plane. Images of the wall opposing the set-up revealed the periodic pattern, 
which enabled scaling of the pupil plane to CCD pixels. Scale was calibrated 

15 for the complete range of front-lens settings. With the firont-lens focussed at 
infinity, one 3x3 binned pixel corresponded to 0.14 mm in the pupil plane. 
Prior to the calculation of reflectance, the images were binned and interpolated 
to 5 nm spectral and 0.1 mm spatial resolution, to correct for the non-Unear 
dispersion of the prism and variable scaling of the pupil plane. 

20 Protocol 

The research followed the tenets of the Declaration of Helsinki and was 
approved by the local Medical Ethics Committee. The pvirpose was explained 
at the beginning of the experiment, and written informed consent was 
25 obtained. The pupU of one eye was dilated with one or two drops tropicamide 
0.5 %. A chin-rest and temple-pads, connected to a head-rest, were used to 
medntain head position. The head-rest can be adjusted in 3 dimensions. This 
allowed focussing on the pupil plane, and positioning of the entrance beam 
within the pupU, Subjects were instructed to fixate the cross-wire at all times. 
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For adjustment of the head-rest the large field with an additional green filter 
was used. With the large field the pupil lit up more brightly, focus in the pupil 
plane was more critical, and a larger part of the retina could be seen. The 
entrance beam was focused in the pupil plane. Care was taken to avoid 
5 reflections from the corneal surface of the eye. Fixation was checked in the 
retinal image. If required, the fi*ont-lens focus was adjusted. During focal 
adjustment the head-rest was moved as well, to maintain a good focus in the 
pupil plane. 

Hereafter, the maximum in the directional reflectance (e.g., the 

10 maximum of the Stiles-Crawford effect) was searched for, using the meastu:ing 
field. During the search, continuously spatial profiles near 540 nm were read 
fi-om the CCD while discarding the remaining part of the data, thereby 
achieving a short readout time. Integration time was reduced to 0.25 seconds. 
At 540 nm the directional reflectance shows up prominently. In the horizontal 

15 direction in the pupil plane (along the spectrograph sHt) the maximum position 
is readily observed in a profile plot on a computer display. The maximtmi in 
vertical direction was found by a manual search. While scanning vertically, 
the latest profile was compared by eye to the highest profile till then. The 
search typically took about 2 minutes. In this period, visual pigments are 

20 bleached away for about 97 At the optimal entrance position 5 spectra 
were obtained. Prior to each measurement, subjects were instructed to blink 
once, keep their eyes wide open, and fixate the cross-wire. Integration time 
was 1.0 sec. The entire procedure described above, apart firom focussing the 
cross-wire on the retina, was repeated 5 times to test repeatability. Settings of 

25 the head-rest were changed on purpose in-between two runs to increase 
independence, 

£. Subjects 

All subjects (n = 21) were Caucasian, unfamiliar with any eye disease, and had 
30 no complaints on visual acuity. The majority (n = 15, 12 females) fell in the age 
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group 18-27, mean 22. Six subjects (all male) were aged 40-74. The six older 
subjects can be considered experienced observers, while the younger subjects 
were aU naive subjects. Fourteen subjects had no refractive correction. For the 
other cases, refraction was in the range -1.5 to -4 D, except two older subjects 
5 having -6 and -7 D, 

With the apparatus and methods described here above the following results 
were obtained. 

A. Reflectance Spectrum Image 

10 An example of an image of two-dimensional reflectance is presented in Fig. 12 
(female subject, age 20). The image shows equivalent reflectance of the fovea, 
expressed as a percentage on a logarithmic scale, versus wavelength and 
location in the pupil plane. Temporal (T) and nasal (N) side are indicated. The 
image can be looked upon in two ways: first, as spectral reflectance versus 

15 location in the pupil plane, and second, as an optical Stiles-Crawford profile 
versus wavelength. 

Adopting the first view, the characteristics of spectral fundus reflectance are 
recognized: a decrease towards short wavelengths, with steeper decrements at 

20 590 nm, 510 nm, and at the lowest recorded wavelengths.^' 13,15.32 At the longest 
wavelengths, ocular pigments, except melanin, are fairly transparent. Below 
590 nm, light is efficiently absorbed by blood. The contribution to reflectance 
from deeper, blood rich layers diminishes, causing the first decrement. 
Reflectance below 590 nm mairdy originates from the receptor ceU layer.2 The 

25 second decrement at 510 nm is due to macular pigment. The latter also causes 
a shallow dip near 460 nm. Absorption by the crystalline lens causes a decline 
at the shortest recorded wavelengths. 
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The optical SCE is best observed in the region 510-590 nm. The profile near 
540 nm, indicated by the thick line in Fig. 2, presents a typical example. 
Reflectance shows a bell-shaped dependence on position in the pupil plane, 
with a maximum slightly on the nasal side of the pupil center.2i»23.25-27 At 
5 longer wavelengths, the directional part of the reflectance dissolves in the 
much larger non-directional part. At shorter wavelengths, absorption by the 
macxxlar pigment and the crystalUne lens leave the bell-shape intact, but 
strongly reduce the amphtude of the directional reflectance. 

S. Spectral Intersections 

10 For each measurement, the spectrum at the pupil position with the highest 
reflectance at 540 nm was selected (e.g., the spectrmn iudicated with a thick 
line in Fig. 2). The spectra were fitted with the van de Kraats et aL fundus 
reflectance model using a least squares method.2.33 Each data point was 
assigned a weight one over its error squared. The model describes radiation 

15 transfer in the eye with a limited niunber of reflecting, absorbing, and 
scattering layers. Spectral properties of the absorbers are taken fi:om the 
literature. Eight parameters were optimized: reflectance from discs in the 
outer segments of the photoreceptors JJdisc, at the inner hmiting membrane 
iSuin, and at the cornea i?cornea, the optical densities of melanin ZJmeia, macular 

20 pigment -Dmac, and the aging component of the lens Diens-a, the thickness of the 
blood layer TTibiood, and a parameter accounting for scattering in the choroid 
Dscat. The parameter -Rcornea was added to the model. Visual pigment density 
was assumed zero, Stiles-Crawford parameter SC was set at imity. Values for 
other fixed parameters and a detailed description of the model are given in the 

25 original paper. ^ 

A sample (n = 5) of spectral reflectance curves spanning the full age range is 
shown in Fig. 13A. The solid lines represent model fits. The effect of increasing 
lens absorption with age is apparent firom the downward trend with age of the 
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spectra below 500 nm. Deviations between the data and the model are largest 
below 425 nm. Here, both reflectance and the power of the entrsmce beam are 
low, resulting in a low signal to noise ratio. The mean of all spectra 
(n = 5 X 5 X 21) is depicted with a sohd line in Fig. 13B, together with data 
5 from the Uterature (squares: Delori and Pflibsen,!^ circles: van de Kraats et 
aZ.2) The mean data are eilso presented in Table 1, together with relative 
standard deviation, i.e., the standard deviation of the subject means divided by 
the mean of subject means. Also given is the relative error, which was first 
calculated for each subject fi-om the mean of the estimated measurement 
10 errors and mean of 25 spectra, and then averaged over subjects. 

Table 2A gives a summary of the results of the spectral model fit. The 
parameter mean PM is the mean of 21 within subject mean values. The 
standard deviation on is the standard deviation of the subject means with 

15 respect to PM. JWn and fkAX are the lowest and highest within subject means. 
In some cases Pmin reached zero. This was the lower limit set in the fit 
algorithm. Apart from estimations for the best fit, the Levenberg-Marquardt 
method returned 68 % confidence intervals for the fitted parameters.^^ The 
mean of 21 within subject mean confidence interval estimations CI, is also 

20 shown in Table 2A. The study design of 5 measurement series with 5 

replacements allowed an estimation of (1) the total standard deviation or, (2) 
standard deviation with respect to the mean of series as, and (3) the standard 
deviation of the mean of series cm. The coeflELcient of repeatability CR is 
defined as the 95% range for the difierence in two repeat measurements,34 The 

25 coefficients followed from the mean values of ax, os, and om after 
multiphcation by 2V2. 

Fig. 14 gives an impression of the model predictions for single measurements. 
Fig. 14A shows twenty-five macular pigment density (Dmac) estimates for all 
30 twenty-one subjects. Z>mac is known to vary substantially between subjects. The 
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within subject variability is occasionally large. Six subjects had experience in 
this type of experiments (1, 3, 12, 13, 17, and 21). They generally showed low 
variab:Qity. In some of the other subjects variability was equally low (e.g., 2, 10 
and 11). Others, however, show a large variability (e.g., 9 and 19). Fig. 14B is 
5 a similar scatter plot for melanin density (Dmeia). For melanin, within-subject 
variation is much smaller compared to Dmac The stability of the melanin data 
indicates that the high Dmac variability is not related to instrumental errors or 
head instabiUty of the subject. A probable explanation is given in the 
discussion. 

10 C. Spatial Intersections: SCE Profiles 

For each measurement, the profile at 540 nm was selected and fitted with: 

-p (x-occf 

iJ(x) = B + A10 , (5) 

with R the percentage reflectance, x the location in the pupil plane in mm, B 
the non-directional background reflectance, A the ampUtude of the directional 
reflectance, p a measure for the peakedness, and jcc the center position.25-27 
The fit used a least squares method with each data point assigned a weight 
one over its error squared.^s Data included in the fit met two conditions: 
Distance to either of the pupil edges more than 1 mm, and distance to the 
entrance beam less than 3 mm. 

Optical Stiles-Crawford effect profiles at 540 nm (n = 5) are shown in Fig. 15 
for the same subjects as in Fig. 13A. The solid lines represent fits with Eq. (5). 
At the pupil edges, the profiles drop to zero. The edge of the pupil may span 
numerous pixels when the bar is far below or above the pupil center, since the 
vertical width of the bar is much larger than the horizontal width of the pixels. 
As usual, the maxima show up near the pupil center, with a tendency to the 
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nasal side.25-27 Table 2B gives a summary of the SCE parameter fit results (c.f., 
explanation in Section 4B). 

From these results the following can be understood. 
5 A. General Discussion 

By the method according to the present invention the feasibility of 
simultaneous measurement of spectral and directional fundus reflectance has 
been demonstrated. Both aspects have hitherto been studied 

10 separately.2»i3»i5,i8,i9»2i-27,32 The course of the spectra and directional aspects 
agree with earlier results. In the model by van de Kraats et ah differences 
between spectra obtained at the maximum of the optical Stiles-Crawford effect 
and 2 mm nasally were fitted with a single parameter SC.2 The model lacks a 
quantitative relation between SC and position in the pupil plane. 

15 Furthermore, the model assumes simultaneous scanning of the entrance and 
exit pupil. In contrast, we aligned the entrance pupil with the maximum of the 
Stiles-Crawford effect, and obtained spectra for a range of exit pupil positions. 
Thus, the van de Kraats et al model as it is, caimot be appUed to entire 
spectrogiraph images. To our knowledge, other models including both spectral 

20 and directional fundus reflectance, are not available. For a more detailed 
comparison with literature, intersections of the data set were analyzed: 
spectra at the pupil position with the highest reflectance at 540 nm, and 
profiles at 540 nm. 

B. Mean Spectrum 

25 In Fig. 13B, the mean spectrum (solid Une) is compared with literature data. 
Differences between the spectra depend on (at least) three factors: composition 
of the population, size of the illuminated and sampled retinal field, and 
configuration of entrance and exit pupil. The large differences between 
subjects are very apparent from Fig. 13A, with largest variation below 500 nm. 
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There is a strong influence of age on the spectra, as absorption in the 
crystalline lens increases with age.^^ Delori and Pflibsen measured subjects 
aged 22-38 years.^^ The lack of older subjects may explain the somewhat 
higher reflectance below 500 nm. 

5 

Above 600 nm, a strong dependence on illuminated field size is expected. At 
the longest wavelengths, where blood does not absorb, light scatters laterally 
in the deeper fundus layers.^ Hence, the larger the illuminated field size, the 
larger reflectance. Delori and Pflibsen illuminated 5 degrees and sampled 1.2- 

10 1.6 degrees.i^ Van de ICraats et aL^ illuminated 1.9 and sampled 1.6 degrees. 
In the present study field sizes were 2.8 and 1.9 degrees. As is seen in Pig. 13B 
above 600 nm, the reflectance slightly raises with the increment fi^om 1.9 to 
2.8 degrees, while the leap to 5 degrees substantially increases reflectance in 
the red. Below 500 nm, field sizes also influence the spectra. Macular pigment 

15 is highly concentrated towards the center of the fovea.^^'^^-^ The slightly larger 
sampled retinal field in the present study reduces macular pigment content 
and gives rise to higher reflectance in the blue part of the spectrum. 

The agreement in the range 520-590 nm is rather remarkable. The present 
20 mean spectrum was selected at the Stiles-Crawford maximxmi. The 

corresponding pupil plane configuration is similar to the one used by van de 
Kraats et alM small, closely separated entrance and exit pupfls. Both are 
sensitive for directional reflection and spectra are equally high. Delori and 
Pflibsenis used a modified Zeiss fundus camera, which uses a rather large 
25 annular entrance pupil and a concentric circvdar exit pupil, and should be less 
sensitive to the directional light. Modification of this arrangement was not 
reported. It is therefore imclear why the latter spectrxmi is as high as the other 
two. Perhaps there is a difference in the absolute calibration of the spectra. 
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Below 630 nm, mean relative errors RE in Table 1 are smaller than obtained 
by van de Kraats et al^ The errors are larger at longer wavelengths. Van de 
Kraats et al^ included both instrumental errors and errors due to instability of 
the subject. In this study integration time was short, largely eliminating 
5 errors due to movement of the subject. The errors are largest below 430 nm, 
where the output of the lamp drops and reflectemce is low, and above 730 nm, 
where the spectral fQters block almost all deep-red and infrared light. 

C. Spectral Model Results 

10 The results of the spectral model fit are given in Table 2A. Parameters are 

discussed as in the Table, upwards from the sclera. Deep scatter loss Acat was 
0.20, slightly less than 0.23 found by van de Kraats et aZ.2 The mean thickness 
of the blood layer TTibiood was 68 \xm. Van de Eraats et al found 22.7 \xm,^ 
Delori and Pflibsen 168 \xmA^ Delori and Pflibsen used a model with a 

15 Kubelka-Munk scattering description of the deeper layers. This increased the 
estimated blood layer thickness. Melanin density jDmeia (1.1 at 500 nm, range 
0.95-1.4) is comparable to the densities found by Van de Earaats et aL 
(1.32 at 500 nm, 0.98-1.68).2 Delori and Pflibsen found a higher mean and a 
much larger range (2.13 at 500 nm, 0.19-7,9).i6 The former two studies 

20 contained only Caucasians, the latter included two Blacks with 3-4 times 

higher melanin content. This probably explains the differences at the high end 
of the range. 

Receptor disc reflectance jRdiac cannot be discerned from a reflecting layer at 
25 the level of the retinal pigment ephithelium (RPE) in a single bleached 

spectrum at the Stiles-Crawford maximum. The arguments for attributing 
reflectance at this level in the retina to the discs in the receptor outer 
segments are given by van de Kraats et aL^ Mean disc reflectance was 2.8 %, 
similar to van de Kraats et al, who found 2.75 %.2 The resvdts can also be 
30 compared with RPE reflectance of 2.3 % in the model by Delori and Pflibsen. 
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The high mean disc reflectance demonstrates the effectiveness of alignment 
with the Stiles-Crawford maximum. Mean macular pigment density Dmac was 
0.45 at 460 nm, range 0.28-0.64. Van de Kraats et al found higher values 
(0.54 at 460 nm, 0,42-0.83).2 As stated before, this was caused by sampling a 
5 smaller retinal field. Delori and Pflibsen found lower values (0.21 at 460 nm, 
0.12-0.31). 1^ In a more recent paper, Delori et ah reported 0.23 for a 
reflectometric method (sampled field: 2 degrees).^^ With a method based on the 
autofluorescence of lipofuscin, a fluorophore posterior to the macular pigment, 
they found 0.48 (sampled field: 2 degrees).^^ The cause for the low 

10 reflectometric values may reside in their model, since it lacks reflectors 

anterior to the macular pigment, e.g., inner limiting membrane and cornea. 
Accounting for light reflected posterior to the macular pigment gives a higher 
macular pigment level. Berendschot et al, studied the effect of lutein 
supplementation on Dmac in 8 male subjects with a reflectometer and a 

15 scanning laser ophthalmoscope (SLO).^ At baseline, mean Dmac was 0.47 for 
the reflectometric, and 0.26 for the SLO technique. 

Reflectance from the inner limiting membrane JBiim is very small and 
problematic to fit. In many cases the parameter reached the lowest allowed 

20 value of zero. Mean iZum was 0.034 %, even the maximum 0.20 % is lower than 
the mean J?iim of 0.26 % found by van de Kraats et al,^ They also included data 
from dark-adapted spectra in the model fit. Undoubtedly, this allowed a better 
estimate of iJum. The mean age dependent lens density Aens-a, added with an 
age independent density 0.31, gives a mean lens density of 0.42 at 420 nm, 

25 range 0.31 to 0.79. For some of the young subjects Diene-a reached the lowest 
allowed value of zero. As expected, Aens-a showed a trend with age (data not 
shown). Van de Kraats et al. found a lens density 0.54 at 420 nm, range 0.42 to 
0.83, for subjects aged 20 to 51 years, 32 on average.^ Delori and Pflibsen 
found a lens density 0.66 for a group of 10 subjects aged 22 to 38 years, mean 

30 unknown.15 The latter result is fairly high given the age of the subjects. The 
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aging algorithm by Pokorny et ah predicts a total lens density at 420 nm of 
0.66 at age 22, 0.73 at age 32, and 0.89 at age 50.35 Compared with these 
values, reflectometric methods produce systematically low values. Reflectance 
from the cornea iJcomea was on average 0.043 %. This is low in absolute sense, 
5 but is of equal magnitude as light reflected £rom the fundus at wavelengths 
below 500 nm, especially in older subjects, e.g., see Fig 13A. 

The mean confidence interval CI states how accurately parameters are 
determined in the model fit. A large confidence interval indicates large 

10 measurement errors or bad convergence of the fit. For most parameters, except 
■Rilm and jKcomea, CI was smaller than gn and the range Pmtn to Pmax. 
Apparently, in some cases i?iim and i?cornea did not strongly contribute to 
reflectance and were attributed a very large error. The weakness of the current 
model is that sometimes parameters are optimized in the fit while being 

15 insignificant, or that parameters reach the lower (physical) limit set to zero. 

The coefficient of repeatability derived from the total standard deviation CRt 
contains the total experimental error. CRt was smaller or hardly larger than 
CN and well smaller than the range Pmn to Pmax. This means the 

20 measurements discriminate well between subjects. CRt is much larger than CI 
for Dmac and iZdisc . This indicates that the uncertainty in Z)mac and J?disc results 
mainly firom experimental errors. A high within series CRs points to errors in 
fixation and movements of the subject. Between series CRm is mainly 
connected to errors in the alignment procedure. For jRdisc CRm is largest, most 

25 variation is due to variation in alignment on the opticgd Stiles-Crawford 
maximum. For J[)mac CRs is largest. Macidar pigment is highly concentrated 
towards the center of the fovea. ^S'^s-as This makes Dmac very sensitive to errors 
in fixation. The influence of fixation was illustrated in the scatter plot in Fig. 
14A. Ex]perienced subjects showed low variability, for some inexperienced 

30 subjects (e.g., 9 and 19) variability was large. Fig. 14B demonstrates that 
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variability in melanin is similar for all subjects. The distribution of melanin 
pigmentation near the fovea is much smoother than for macular pigment. 
Therefore, melanin will not be influenced as strongly by fixation errors as 
macular pigment. With further automation of the set-up and optimization of 
5 the protocol, an improvement in the assessment of macular pigment might be 
expected. It is crucial to observe fixation just before each measxirement. 
Coefficients of repeatability for macular pigment, achieved by Berendschot et 
aL, were 0.27 for a reflectometric technique, and 0.17 with an SLO based 
technique.^ Despite the problem with fixation, the present coefficient of 
10 repeatability 0.084 was better. 

D. Stiles-Crawford Profiles 

Profiles at 540 nm clearly showed the optical Stiles-Crawford effect. The 
profiles were fitted with the commonly used Gaussian model (Eq. 5); results 

15 are given in Table 2B. The results are discussed in relation to three earlier 
studies. (1) Gorrand and Delori scanned the pupil plane with a small exit- and 
entrance pupil configuration.25 A 8 degrees retinal field was illuminated with 
543 nm HeNe Ught, the central 2 degrees were sampled. (2) Burns et aL used a 
small entrance pupil and imaged the entire pupil plane on a CCD camera.^s A 

20 series of images was obtained for several entrance pupil positions. The image 
with highest directional reflectance was selected afterwards. A 2 degrees 
retinal field was iUuminated with 543 nm HeNe light, the central 1 degrees 
were sampled. (3) De Lint et al used an SLO with a small entrance and exit 
pupil configuration.27 The horizontal meridian of the pupil plane is scanned 

25 with both pupils, meanwhile obtaining retinal images in 514 nm Argon light. 
The series of images show the optical Stiles-Crawford eflect versus location on 
the retina. The difference in wavelength with the other studies is considered of 
minor influence. 
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In the present study mean xc was 0.43 ± 0.63 mm nasal (given are PM ± on). 
Gorrand and Delori reported 0.86 ± 0.84 mm nasal,25 de Lint et ah 
0.23 ± 0.41 mm nasal. In the scatter plot of xc given by Burns et al, the trend 
to the nasal side is also present.26 The slight tendency towards the nasal side 
5 is common to all studies. Our mean peakedness p was 0.17 ± 0.037 mm-2. 

When compared to the results by Bxirns et 0,0813 ± 0.013 mm-2 this is on 
the high side. The higher p may result from the larger field size (1.9 versus 1.0 
degrees), since for small angles p increases with eccentricity. 27 Gorrand and 
Delori,^^^ and de Lint et aZ.^^ use a double scanning method which results in a 

10 higher p: 0.204 ± 0.035 mm-2, and 0.226 ± 0.049 mm-2 for the central 2x2 
degrees of the SLO images. For a more detailed discussion on the differences 
in p between the different techniques, see Marcos and Burns,^** and 
Berendschot et alA'^ Mean ratio AJB of directional light A over the non- 
directional background B was 1.5 ± 0.46. This is lower than for Gorrand & 

15 Delori, who reported 2.59 ± 0.82,25 and by de Lint et al, who found 4.9 ± 1.8.27 
The latter authors used a small aperture confocal to the SLO spot on the 
retina, which strongly suppresses the diffuse background component present 
with larger fields. With a 1.3 degrees confocal aperture their mean^JB 
decreased to 3.0. Interpretation of CI, CRt, CRs and CRm was discussed 

20 previously in Section 5C. The confidence intervals CI are very small compared 
to the natural variation. The experimental errors CRt are much larger. 
Discrimination between subjects was reasonably well. For directional 
reflectance A, CRm is much larger than CRs. Variation in A mainly originates 
firom alignment on the optical SCE maximum, similcir to iZdiac (see Section 5C). 

25 

Simultaneous measurement of spectral and directional reflectance according to 
the present invention with a simple chin and head-rest proved possible. A 
video observation channel, and a fast method for optimization of the optical 
Stiles-Crawford effect at 540 nm allowed alignment with respect to the 
30 apparatus and on the Stiles-Crawford maximum within a few minutes. 
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Application of a short integration time reduced errors due to movement of the 
subject. Spectral analysis provided densities of photo-stable ocular absorbers 
such as macular pigment, lens, and melanin and reflectivity of the discs in the 
outer segment of the cone-receptor cells. Analysis of spatial profiles dehvered 
5 Stiles-Crawford parameters. Use of all data, not just one spectrum, awaits 
extension of the fundus reflectance model. Errors in fixation were found to be 
the main source of within subject variation in macular pigment density. This 
might be avoided by checking fixation just prior to the measurement. The new 
apparatus provides a novel diagnostic tool. It might also greatly facilitate 
10 epidemiological studies of ocular pigments. 
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Table 1. Spectral reflectance data 





X (mn) 


Ri%) 


SD 


RE (%) 


X (nm) 


R (%) 


SD 


RE (%) 


5 


420 


0.115 


0.39 


17 


590 


1.62 


0.16 


1.0 




430 


0.162 


0.44 


5.7 


600 


2,08 


0.17 


1.0 




440 


0.207 


0.45 


3.4 


610 


2.31 


0.17 


1.1 




450 


0.210 


0.45 


2.8 


620 


2.59 


0.18 


1.1 




460 


0.219 


0.44 


2.2 


630 


2.81 


0.18 


1.8 


10 


470 


0.262 


0.43 


1.8 


640 


3.05 


0.18 


2.0 




480 


0.294 


0.41 


1.4 


650 


3.28 


0.18 


2.2 




490 


0.332 


0.39 


1.3 


660 


3.53 


0.18 


2.3 




500 


0.476 


0.34 


1.1 


670 


3.77 


0.18 


1.6 




510 


0.742 


0.28 


0.85 


680 


4.01 


0.18 


2.2 


15 


520 


1.04 


0.25 


0.75 


690 


4.26 


0.17 


1.5 




530 


1.21 


0.24 


0.68 


700 


4.47 


0.17 


2.2 




540 


1.29 


0.23 


0.65 


710 


4.61 


0.17 


2.5 




550 


1.33 


0.21 


0.56 


720 


4.69 


0.16 


3.1 




560 


1.37 


0.20 


0.68 


730 


4.71 


0.17 


4.0 


20 


570 


1.39 


0.19 


0.77 


740 


4.64 


0.16 


5.8 




580 


1.42 


0.18 


0.94 


750 


4.53 


0.16 


9.0 



X: wavelength; R: mean reflectance; SD: relative between subjects standard 
deviation, i.e., the standard deviation of the subject means divided by the 
25 mean; RE: relative error. 
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Table 2. Spectral model and Stiles-Crawford parameters 



5 


Parameter 


PM On Pmin 


.Pmax 


CI 


CRt CRs CRm 


A. 


i^scat 


0.20 0.041 0.11 


0.27 


0.0066 


0.014 0.010 0.010 




Thviooi (pin) 


68 18 29 


104 


6.5 


15 12 10 






1.1 0.11 0.95 


1.4 


0.022 


0.045 0.033 0.032 


10 


Rdisc (%) 


2.8 0.50 1.6 


3.5 


0.050 


0.54 0.30 0.47 




Z)raac 


0.45 0.11 0.28 


0.64 


0.010 


0.084 0.071 0.047 




ii!ilm (%) 


0.034 0.052 0 


0.20 


8.6 


0.049 0.039 0.029 




D]BnB-a 


0.11 0.12 0 


0.48 


0.032 


0.058 0.043 0.039 




■Rcornea (%) 


0.043 0.028 0 


0.10 


4.5 


0.029 0.024 0.017 


15 













B. xc (mm) 0.43^ 0.63 1.3N I.3T 0.0063 0.20 0.13 0.16 

p (mm-2) 0.17 0.037 0.12 0.23 0.0037 0.036 0.024 0.028 

Ai%) 0.77 0.25 0.30 1.14 0.0060 0.22 0.10 0.20 

B (%) 0.52 0.080 0.35 0.65 0.0058 0.084 0.062 0.059 

20 A/B 1.5 0.46 0.70 2.4 0.026 0.52 0.29 0.45 



(A) Spectral model, and (B) Stiles-Crawford parameters. PM: 
parameter mean; on: between subjects standard deviation; Pt/srti, Pmx' lowest 
25 and highest within subject mean; CI: mean of confidence interval estimations; 
CRt, CRs, CRm: coefficients of repeatability for the total, within series or 
between series stEindard deviation. N and T stand for nasal and temporal. 
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Claims 

1. Apparatus for measxtrements of at least two specific characteristics 
of eyes, comprising a light source, means for transferring light fi'om said light 
source to an eye and light receptor means for reception of light reflected by 
said eye, wherein said light source comprises means for providing mtQti- 

5 wavelength light, specifically substantially white light, the light receptor 
means detecting means comprising at least spectrograph means for analysing 
said light reflected and preferably a video observation means. 

2. Apparatus according to claim 1, wherein said means for transferring 
light to an eye comprises reflecting means having at least one opening for 

10 transferring light form said light source to an eye from a side facing away from 
said eye, at least the side of said reflecting means facing said eye having a 
reflecting svirface for reflection of light reflected by said eye toward said 
receptor means. 

3. Apparatus according to claim 2, wherein said reflecting means 
15 comprises a mirror having at least one opening for passage of light. 

4. Apparatus according to any one of claims 1 - 3, wherein the receptor 
means comprises an optical switch for gmding said reflected light at will either 
to s^d observation means for video observation or to said detecting means and 
spectrograph. 

20 5. Apparatus according to claim 4, wherein said switch comprises a 

movable mirror. 

6. Apparatus according to any one of claims 1 - 5, wherein the 
spectrogi'aph comprises an electronic camera, especially a CCD-camera. 

7. Apparatus according to any one of the preceding claims, wherein at 
25 least said spectrograph and said observation means are connected to a 

computer device, comprising software for analysing data received. 
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8. Apparatus according to claim 7, wherein said software is intended 
for assessment of: 

spatial distribution of the fundus reflectance in a pupil plane of an 

eye; 

5 - assessment of the part of the retina used for fixation; and 

assessment of the spectral fundus reflectance along a line in the 
pupil plane. 

9. Apparatus according to any one of the preceding claims, wherein the 
optical switch comprises means for selecting an image plane. 

10 10. Apparatus according to claim 9, wherein said means comprises at 

least one lens, especially a lens insertable between two further lenses for 
rotation of said plane over approximately 90 degrees. 
11. Method for measurements of specific characteristics of eyes, 

especially spatial distribution of the fundus reflectance in the pupil, the part of 

15 the retina used for fixation and the spectral fundus reflectance along a line in 
the pupfl plane, wherein a light having different wavelengths, especially white 
light is directed into an eye, light reflected by said eye being transmitted to a 
imaging means for electronic analysis of images provided by said light, 
including a spectrographic analysis. 

20 12. Method according to claim 11, wherein light from a light source is 

directed into said eye approximately through the centre of the lens system of 
ssdd eye, wherein light reflected trough peripheral parts of said lens system of 
said eye is directed to said imaging means. 

13. Method according to claim 11 or 12, wherein the reflectance of said 
25 light is calibrated in an absolute spectral sense. 

14. Method according to any one of claims 11-13, wherein light 
reflected is directed at will either to a video image system or to a spectrograph. 
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Fig. 1 Schematic representation of the apparatus 
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Fig. 4 optic switch. Fig. 5 video observation 
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Fig. 6 Spectrograph and detector. 
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Figure 8 . Example of a two-dimensional data-set: percentage reflectance versus wavelength and position 
in the pupil plane. The data was binned to 5 nm bandwidth in the spectral direction. The common spectral 
shape of fundus reflectance is recognizable at the borders of the spectrum. As a guide to the eye, a single 
spatial profile at 525 nm is indicated with the fat Ime. 
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Figure 9. Reflectance versus position in the pupil plane at four different wavelengths. The data is a 
subset of the data shown in figure 8 , The spatial intersections were taken near a number of common laser 
wavelengths. Data was biimed to 5 nm bandwidth before the profiles were obtained. The solid lines are fits 
of a Gaussian curve to the data. 
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Figure 10. I^ercentage reflectance versus wavelength. The data is a subset of the data shown in figure 
8. The spectral intersection was taken where the spatial intersections show a maximum. The solid line is 
a model fit to the data. 
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Fig. 11. (A) Schematic of the apparatus; drawing not to scale. P: Pupil plane; R: Retinal plane; 
P', R': Planes conjugate to P, R; Lamp: 30 W halogen lamp; LI ... Lll: Lenses; F: Spectral 
filters; Mh: Mirror with central hole; Lf: Ophthahnic front-lens; Mi: Insertable mirror; 
Li: Insertable lens; V: Video camera; Slit: Slit conjugate to P; Prism: Direct vision prism; CCD: 
Cooled CCD camera. (B) Inset: pupil and retinal plane configuration. Left: the disc represents tlie 
dilated pupil. The entrance pupil and bar-shaped exit pupil are drawn to scale. Right: the 
illuminated field, witli cross-hairs for fixation, and the concentric sampled field. 
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Fig. 12. Image of foveal spectral reflectance (female subject, age 20). Surface heiglit represents 
equivalent reflectance of the fovea, expressed as a percentage on a logarithmic scale, versus 
wavelengtli and position in the pupil plane. Temporal (T) and nasal (N) side are indicated. 
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Fig. 13. (A) Spectral intersections, at the pupil position with maximum reflectance at 540 nm. Five subjects 
spanning the full age-range are presented; gender and age are indicated. Vertical bars indicate the error associated 
with each point (hardly discemable and absent for most points). The solid lines represent model fits. (B) Mean 
reflectance spectrum (solid line), together with data from Delori & Pflibsen (1989)" and van de Kraats et al 
(1996).^ In the mean spectrum, small dips due to macular pigment are present at 460 and 490 nm. 
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Fig. 14. (A) Macular pigment (Dmac), and (B) melanin density (Dmcia) estimates for all twenty-five 
measurements per subject. For macular pigment, both between- and within subject variation are 
large. For melanin they are much smaller. Macular pigment within subject variation is markedly 
different between subjects; e.g., subject 11 has litde variation, whereas in subject 9 the data is 
highly scattered. The latter subject had difficulties maintainmg rigid fixation during alignment. 
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Fig. 15. Profiles at 540 nm demonstrating individual differences in the optical Stiles-Crawford 
effect. Data is for the same subjects as in Fig. 3; gender and age are given. Solid lines represent 
fits to the data. Nasal (N) and temporal (T) side are indicated. Pupil edges are recognizable as tlie 
sharp drops m the region 3 to 4 mm. Maximum reflectance shows up near the center of the pupil, 
with a tendency towards the nasal side. 
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